Abstract: This paper presents a biosensor based on laser-machined metallic split-ring resonators embedded in hydrophilic polymer matrices for glaucoma monitoring. The inner and outer radii of the annular resonators are optimized using a finite-element model for the anterior part of the fibrous layer of human eye. The split-ring resonators are designed to have resonant frequencies in S-band. The devices are fabricated by laser cutting of 15 μm-thick aluminum sheets. Split-ring resonators are then embedded into photo-polymerized cross-linked hydrogels, which are used to prepare hydrophilic polymer matrices. The change in the resonance characteristics of the device is obtained with respect to the change in the curvature. The sensitivity of the sensor is calculated as −24.12 MHz/mm per unit change in the radius of the curvature.
Introduction
Glaucoma is one of the leading causes of blindness as it affects the optic disc and damages the optical nerve due to elevated intraocular pressure (IOP) [1] which is well correlated with the corneal radius of curvature [2] . A promising approach to monitor the progress of the disease is to monitor the IOP continuously and several invasive and noninvasive devices [3, 4] have been developed using this approach.
Split-ring resonators (SRRs) are basic building blocks of metamaterials that may exhibit negative values of electric permittivity and magnetic permeability within a selected frequency range [5] . Proper electromagnetic excitations of SRRs result in electric and magnetic resonances, the frequency of which change due to the changes in the geometry of the structure. Thus, it is possible to utilize SRRs for continuous strain sensing as non-invasive and electrically passive sensors.
Hydrogels are biocompatible materials that are used frequently in the formulation of polymer matrices [6] . Hydrogel matrices have high water content and transparency which makes them suitable for soft contact lens fabrication. Moreover, preparing hydrogel-based polymer matrices in a laboratory environment is cost-and time-effective for custom applications.
In this application, SSRs embedded into 2-hydroxyethyl methacrylate (HEMA)-based hydrogel matrices are presented as non-invasive, low-cost and passive sensors for glaucoma monitoring. By photo-polymerization of polymer matrices and laser cutting of aluminum sheets, SRR-based devices were obtained in a simple, fast and cost-effective way. The presented method allows fabrication of disposable contact lens-based sensors. In addition, the thickness of the device can be adjusted to improve patient comfort since the sensor does not include any circuit or chip. Moreover, the contact lens-based sensors are electrically passive. These features offer significant advantages over similar sensors that include electronic chips that are embedded into contact lenses.
Design and Fabrication of the Sensors
The correlation between the IOP, corneal curvature and the resonant frequency of SRR determines the sensing mechanism in this application. An axisymmetric finite-element model, for the fibrous layer of the eye was modelled using COMSOL Multiphysics to investigate the effect of the change in the IOP on the corneal radius of curvature. In the model, the fibrous layer was assumed as an almost incompressible material with a linear elasticity in existence of small deformations. Mean values of the biomechanical model parameters are given in Table 1 . The change in the curvature of the eye model for different values of IOP is shown in Figure 1 . The placement of SRRs in a contact lens was determined where the displacement of the eyeball is maximum. The dimensions of the SRRs were optimized for a resonant frequency of 3.5 GHz using CST Microwave Studio Software. The SRRs were shaped by laser cutting of 15 μm-thick aluminum sheets. A sample SRR with inner radius of r = 4 mm, width of w = 1.5 mm and the gap distance of g = 150 μm is shown in Figure 2a . The SRRs were excited using a pair of monopole antennas, and the corresponding scattering parameters were measured using a vector network analyzer (VNA) (ZVB4, Rohde& Schwarz, Munich, Germany). The simulated and measured s21 parameters for a sample SRR are shown in Figure 2c . The quality factors of all resonators were characterized as Q > 1200. The SRRs were then embedded into hydrogel matrices. HEMA and ethylene glycol dimethacrylate (EGDMA) were used as the monomer and cross-linker, respectively, for preparation of hydrogel matrices [15] . 65 wt % HEMA and 1 wt % EGDMA were first extracted from the inhibitors using basic alumina columns and were mixed with 1 wt % 2,2-dimethoxy-2-phenylacetophenone (DMPA) and 33 wt % H2O. The chemicals were obtained from Sigma-Aldrich (St. Louis, MO, USA). The mixture was stirred in a sonication bath for one hour. The SRR was carefully placed into the prepared solution between a pair of concave-convex glass molds, and the mixture was UV-cured for 12 min using 356 nm UV light (12 Watt). UV-cured sensor (Figure 3) was separated from the molds carefully and stored in DI water. 
Experimental Setup and Results
An experimental setup has been constructed to measure the effect of curvature change of the final device on the scattering parameters simultaneously. An illustration of the experimental setup is shown in Figure 4a . First, a spherically deformed latex rubber was filled with de-ionized (DI) water and was connected to the tip of a syringe using a medical pipe. The syringe was used to pump additional DI water into this latex rubber balloon to change its radius of curvature. During the experiments, the outer surface of the spherical latex rubber was wet using distilled water and the SRR-based sensor was placed on top of it to mimic the effect of dielectric loading due to eye tear. Figure 4b shows how the resonance behavior of the sensor alters with increasing radius of curvature. A sample SRR with inner radius of r = 5 mm, width of w = 1.5 mm and the gap distance of g = 3 mm embedded in hydrogel matrix was used for this experiment. Latex rubber balloon was first filled with DI water to have spherical radius of 17.5 mm and the s21 spectrum of the device was measured. Then, the radius of curvature was increased by steps of 0.25 mm by pumping additional DI water into the balloon, while acquiring the s21 spectrum of the device. The resonant frequency of the sensor decreased monotonically during the experiment. The decrease in the quality factor of the device is due to the loss associated with water loading on the sensor. The experiment is repeated six times with the same device. The mean values and the standard deviation of the measured resonant frequencies given in Figure 4c . Based on the results, the sensitivity of the device was calculated as −24.12 MHz/mm.
Conclusions
In this work, we presented a biosensor application based on split-ring resonators embedded in a hydrogel based polymer matrix for glaucoma monitoring. Resonant frequency of the device exhibits monotonic change with respect to change in the radius of curvature and the sensitivity is obtained as −24.12 MHz/mm. For the frequency resolution of 5 MHz, the change in the radius of curvature can be measured with the resolution of 207 μm. The demonstrated SRR-based sensor is promising for non-invasive and continuous monitoring of glaucoma.
